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Introduction
Nondestructive dimensional measurements of buried structures and structures with dimensions less than 1 micrometer are a great challenge today. However, such structures are nowadays part of many industrial devices and applications including semiconductor and integrated circuits, micro-electro-mechanical systems, biomedical devices and optical devices [1, 2, 11] . Scatterometry is a well-known technology for studying surface relief periodic structures with simple geometrical profiles with very high accuracy [3, 4, 20] and is used for this within the semiconductor industry [19] . Many different scatterometry setups exist for characterization of surface relief structures: angular scatterometers, 2-theta scatterometers , spectroscopic scatterometers [9, 24] , coherent scatterometers [22, 23] and imaging scatterometers [21] .A description of these techniques can be found in Refs. [16] . Investigation of line edge and line width roughness of simple scatterometry profile has also been performed [5] [6] [7] . Very little research has been on the study of complex devices using scatterometry since it is believed that unique solutions cannot be found. Double pitched grating structures is a particular important class of problems to study with scatterometry, because a long pitch grating around 20 µm is frequently observed in the grinding process of substrates that are used in the production of grating masters for nanoimprint and injection molding. If this long pitch grating is not completely removed before the substrate is further processed as a grating master, the result will be a double pitched grating structure, which in the case of nanoimprint or injection molding will be copied to a huge number of replica. Another important implication is the combination of refractive and diffractive based optical elements. The hybrid concept enables manufactures to produce lighter and more compact lenses for cameras and optical inspection systems [8] . Scatterometry needs to be able to solve more complex and less perfect structures before it can be used as an inline quality control within these technologies.
Scatterometry can be defined as the measurement and analysis of light diffracted by structures. The scattered or diffracted light is a fingerprint or 'signature' which reflects the details of the structure itself. For a periodic device, such as a series of lines and spaces in silicon, the scattered light consist of distinct diffraction orders at angular locations specified by the well-known grating equation. The fraction of the incident power diffracted into any orders is sensitive to the shape and dimensional parameters of the diffracting structure and may therefore be used to characterize the structure itself [16, 20] . This is done using a mathematical model of the structure based on a priori information and a rigorous simulation of the light-structure interaction. The dimensional parameters are obtained by varying the variables using a best-fit procedure between experimental data and calculated values [9] . Scatterometry has the additional advantage that it is a technique capable of investigating embedded structures in a material. However, as the dimension shrinks and the complexity of the structure increases, the measurement capability of scatterometry is challenged. This challenge may be overcome by turning the scatterometer into a Mueller Polarimeter [24, 25] . A Mueller Polarimeter measures the polarization-depending response from a sample [14] . The sensitivity of this response is due to the measurement of both the magnitude and phase of the Fresnel response from the sample and as a rule of thumb the sensitivity increases with decreasing structure dimensions. Furthermore it is possible to use the same mathematical modelling as in scatterometry. In this paper we report on the progress of determining the dimensional parameters of buried, complex structures using a combined Mueller Polarimeter and scatterometer. The investigated samples are complex devices that possess polarizationsensitive and polarization-insensitive structures; in order to have the best sensitivity for both classes of structures, we use a combined setup.
Solving the inverse problem of Mueller Polarimetry and scatterometry is equal to determining the dimensional geometry of a structure from its diffraction pattern. Like many inverse problems, the inverse problem of Mueller Polarimetry and scatterometry is ill-posed [10] and its treatment requires a priori information. To regularize this problem we set up an equivalent low-dimensional optimization problem with a weighted least-squares function that is minimized using iterative algorithms [16] . The a priori information includes information about the geometrical profile of the investigated element and also knowledge of the variances of the measured data. The devices are modeled by a class of structures that can be parameterized by a small number of parameters describing the geometrical profile and the distribution of the material properties. The values of the parameters are assumed to lie in certain intervals according to the known quality of the manufacturing process. The weight factors in the least-squares function account for measurement uncertainties. Thus they represent the prior knowledge of the underlying statistical error model of the measurement process. The optimization is done using the newly developed methods that performs the fitting in the measurand variables instead of the ellipsometric parameters.
The present experimental, analytical and numerical study investigates how a combined Mueller polarimeter and scatterometer may be used to retrieve the geometrical dimensions of complex devices such as double patterned transmission grating with pitches of 500 nm and 20 000 nm and four standard silicon line gratings with pitches from 300 nm to 600 nm. We show that distinctive features in the measured spectra are correlated with the geometrical dimensions.
After presenting the experimental method and measurements in section 2, section 3 describes the analytical and numerical forward methods used for the analysis of the experimental data. Section 4 gives a brief description of the applied new inverse method used for finding the optimum solution for the silicon gratings and the double patterned transmission grating. The details for the new inversion method are described in the appendix. Finally, section 5 and 6 closes the paper with a discussion of the results and the conclusion.
Experimental setup
The double pitched grating structure has been fabricated by spatial selective etching of the structure into a fused silica substrate. A quick check of the fabrication process was made by observing the color change across the structures when observed in white light. The color change in Figure 1 clearly demonstrate that a double pitched structure has been successful manufactured. The four silicon grating has been fabricated by Eulitha AG (Switzerland) and Figure 1 shows an AFM picture of one of the gratings. Figure 1 shows a technical illustration of the system. It is a goniometric and spectroscopic scatterometric setup that can be applied in reflectometric, generalized ellipsometric and diffractometric measurement mode. As radiation sources we use a fiber coupled stabilized Xenon lamp (Ocean optics, HPX-2000-HP-DUV). The Xenon lamp covers the wavelength range from 300-800 nm. The light from the fiber coupled Xenon lamp light is collimated using a microscope objective. The collimated light passes first through a lens system producing weakly focused light with a diameter of 4 mm at the position of the sample and then through a polarization state generator (PSG) made from a polarizer (Newport 10GT04) followed by a photo elastics modulator (Hinds Instrument, I/FS50). The angle of incidence on the sample may be varied between +/-90 degrees by rotating the rotation stage (Thorlabs, NR360S) equipped with angular encoder (Heidenhain, ERA 4200C). The detector arm can be scanned over nearly the complete diffraction plane +/-175 degrees and is equipped with a polarization state analyzer (PSA), made from an photo elastic modulator (Hinds Instrument, I/FS60) and a polarizer (Newport 10GT04), followed by a microscope objective (Newport, U-27X) that focuses the light into a fiber coupled monochromator (Spectral products, DK242) with a PMT detector (Hamamatsu, R928P). The detected signal is recorded in a digitizer (Agilent L4534A) and analyzed by fast Fourier transformation of the signal. Equation (4) in the appendix shows that the recorded Mueller polarimeter signal may be written as a Fourier expansion of frequencies in the following way: 
The normalized intensities The silicon line gratings have been measured in a reflection configuration using 30 and 60 degrees angle of incident. The scatterometry and Mueller polarimetry measurement of the double patterned grating sample is measured in a transmission configuration at normal incident mounted such that the focal point of the light is lying 40 mm behind the sample. This arrangement allowed us to easily separate the recorded zero order diffracted light from the other diffracted orders. The PEMs were not oscillating during the scatterometry sample and reference measurements [16] . A transmission calibration measurement, with no sample in the Mueller polarimeter is also performed for determination of the instrument settings. The application of the calibration measurement is discussed in section 4.
RCWA model for grating structures
Light scattering from the curved double pitched grating structure is modeled by Maxwell's equations. Approximations to Maxwell's equations (e.g., scalar diffraction theory) are expected not to be sufficiently accurate due to the polarization depending response of the nanostructures. For rigorously solving Maxwell's equations in the frequency domain, we use the rigorous coupled-wave (RCWA) software package GD-Calc ® [15, 16] within the Matlab environment. GD-Calc is used for forward calculations of the diffracted fields and efficiencies. To model the curved double pitched grating structure multiple calculations are performed for domains with large periods, containing many pairs of lines and spaces with varying heights. The geometrical model (x-z-cross section) and visualizations of the RCWA slicing is shown in Figure 2 . The model structure used in the forward calculation is based on a priori information from the sample manufacture, together with microscope images of the structure. These investigations showed that the grating could be described with two primitives shapes, a short period (500 nm) rectangular shaped grating on top of a long period (20 000 nm), truncated sinusoidal grating. The heights of the individual gratings are location dependent, such that the total height is held constant. The grating material for both structures was fused silica. The model structure were parameterized using these two primitives shapes, each of the primitive shapes has a priority number; in case of overlap between the primitive shapes, the shape with lowest priority number would remain and the other primitive shape within the overlapping region would be disregarded. A primitive rectangle is described by two parameters: height (hr) and width (wr). A primitive truncated sinusoidal shape is likewise described by two parameters height (hs) and cut off bottom height (hbot). In the model, the sample structure is illuminated with plane wave with p and s polarized light.
The RCWA method essentially permits us to control the numerical accuracy using two parameters: the slicing refinement and the number of calculated diffracted orders. To find the optimal set of parameters, a convergence study for the calculation of the diffraction efficiencies and the isotropic Mueller matrix elements N(-m12), C(m44) and S(m34) have been made [17] . The geometry is divided into multiple slices in order to perform the simulations with GD-calc [15] . To improve the speed of the simulations, the numerical implementation of the geometry uses unevenly distributed slices that are arranged such that the top part of the rectangular grating shape only uses one slice and the rest of the slices are distributed evenly in the lower part, where we have the double structured grating. This slicing gives a huge speed increase without the loss of numerical accuracy. The program has been implemented in the Matlab programming environment and the computation takes 20 seconds per wavelength on a standard 64 bit Windows computer with 1 CPU and 8 GB ram using 250 diffraction orders. Figure 3 shows the result of this study, and it is seen that the convergence depends much more on the number of calculated diffraction orders than on the number of slices. For the diffraction efficiency, the calculation shows a weak dependency on the number of slices whereas very little dependency is observed for the N, C and S parameters. In this study we therefore use more than 40 slices and more than 250 diffraction orders.
The silicon line gratings are modeled using a trapezoidal profile with rounded corners and with a uniform overlayer as shown in Figure 4 . The overlayer in the model describes the native silicon dioxide that is always present on silicon after exposed to ambient air.
Inverse method used for finding the optimum
In ellipsometry the inversion modelling is done by comparing theoretical and experimental ellipsometric parameters describing the magnitude (   tan  ) and phase (  ) between the s and p polarized Fresnel response from the sample. The theoretical ellipsometric parameters are obtained from a model description of the physical sample. It is possible to measure only one Mueller matrix element, if all the instrument part of the ellipsometer can be set at their optimum value with very high precision, as described in the appendix. The experimental ellipsometric parameters are then obtained by measuring the sample Mueller matrix elements one by one. The best fit between the experimental and theoretical ellipsometric parameters are obtained by adjusting the model parameters for the theoretical ellipsometers using a weighted least square method without uncertainty propagation that assumes perfect setting of the moving and wavelength depending devices in the ellipsometer. The new inversion method presented in this paper is able to incorporate non-perfect settings of the experimental devices that would give wrong result using the usual approach and the method uses weighted least square method with propagation of uncertainty, making traceable Mueller polarimeter measurements possible. Table 3 of the appendix. However, the influences of other Mueller matrix elements are only eliminated if all the Bessel amplitudes 0 , 1 have been adjusted so that A0=A1=2.4048, if the static strains 0 , 1 are zero, and if all polarisator and PEM angles are perfectly set. This optimal situation can hardly be obtained in practice. We therefore determine the values of the Bessel amplitudes, the static strains, the polarizer angles, and the PEM angles from a transmission calibration measurement, where there is no sample in the Mueller polarimeter. In this configuration, the eight normalized intensities are measured as a function of wavelengths. In the calibration analysis the Mueller matrix of air is assumed to be a diagonal unit matrix, so if the elements of such a matrix are inserted in equation (7), theoretical values of the normalized intensities for the calibration measurements are given by equation (10) . Using a general, weighted least squares method [18] , wavelength dependent values of the Bessel amplitudes 0 , 1 and the static strains 0 , 1 are adjusted to give the best match between theoretical and measured values of the normalized intensities
given measured values of the polarisator and PEM angles; the applied least squares algorithm takes into account the covariance matrix of all measured quantities and returns best estimates and the associated covariance matrix of all adjusted quantities in the model of the measurement.
A sample with a grating structure may be characterized by a set of geometrical quantities 0 (e.g. period , height h and fill factor f for a grating with a rectangular profile). 
Where  denotes the Kronecker product and * denotes complex conjugation and gij can either the transmission or the reflection Fresnel coefficient. The normalized theoretical Mueller matrix in Eq. (3) may be transformed into theoretical fi theory A , using equation (7) to (10) this adjustment comprises the best estimates and associated covariance matrix of the parameters found from the calibration analysis and the following list of instrument and measurement parameters describing a sample measurements; The polarizer angles, PEM angles, the angle of incidence, the azimuth angle, the wavelengths and the normalized intensities.
Results and discussion
The fitting of the Mueller polarimeter signal for the silicon line structures was performed as described in the previous sections and the results are shown in Table 1 . Table 1 shows that the new inversion method is capable of obtaining accurate value of the grating profile with very small uncertainties. No upper corner rounding (r2 ) is reported in the table since this parameter were found to be zero within the uncertainty. Table 1 also reveals that it is possible to determine the oxide thickness on the grating with an uncertainty considerably smaller than the layer thickness. A closer look at the oxide height shows that it varies from sample to sample and is thicker than a native oxide layer on silicon, which typically is 1.5 nm. This is believed to be a result of the plasma etched process that forms oxide layers on top of the grating during the manufacturing process. The height and sidewall angle of the grating structures have also been measured with AFM and the measurements results are in very good agreement and fall within the 95% uncertainty confidence levels (2*u(h)) of the two methods. The quality of the obtained fits using the new inversion method is shown in Error! Reference source not found. for the 300 nm silicon line grating. The measurements presented in Error! Reference source not found. have been performed with the sample grating lines perpendicular to the plane of incident. Only the three normalized intensities, fi A , related to the N, C and S Mueller matrix elements, should be nonzero if perfect experimental settings has been applied. The curves in Error! Reference source not found. show that all the 0 α normalized intensities are different from zero due to the none-perfect settings of the of the experimental devices. The fitting of the Mueller polarimeter and the scatterometry signal from the double pitched grating structure was performed by doing a combined optimization of the two signals using the new inversion method. The obtained grating shape parameters from the fitting is reported as height and filling factor. The filling factor of the structure is found as the fraction between the area of simulated model structure and the height times the long pitch. The long pitched structure has a height around 367 nm, whereas the height of the short pitch structure is location dependent and has a height variation between 440 and 807 nm. The filling factor of the structure is found to be 38% for the short pitch structure and 7.3 % for the long pitch structure, see Error! Reference source not found.. Error! Reference source not found. shows that we have a good but not perfect fit of the double pitched grating structure. To clarify the difference between simulated and measured data the quality of the structure was investigated in an AFM. Figure 6 shows the measured AFM profile together with dashed curve representing the long pitch structure. The dashed curve has been generated using the truncated sine profile used for the scatterometry data. The results for these local measurements are shown in and Error! Reference source not found.. The AFM results show that the double period sample structure has periods of 500 nm and 20 000 nm and that the used supercell model gave a fair description of the structure. The AFM height of the long pitched structure is around 300 nm whereas the height of the short pitch structure is location dependent and has a height variation between 570 and 870 nm. The filling factor of the structure is found as the fraction between the area below the AFM curve and the height times the long pitch. Using numerical integration to calculate the area below the AFM curve, we find a filling factor of 57.2 % for the whole structure. If we only look at the long pitched structure we find a filling factor 7.2 %. It is well know that AFM overestimate the filling factor of densely spaces structures like the short period grating and give a much better estimate of the long pitched structure. The obtained filling factors are therefore in line with the expectations. More surprising is the height difference obtained using these two technologies that must be due to inhomogeneity of the sample and the simplicity of the used surface model description.
Conclusion
In this paper we described a method for traceable reconstruction of grating structures using a combined Mueller polarimeter and scatterometer. The presented new inversion method finds the non-perfect setting from least square analysis of a transmission calibration measurement with no sample in the Mueller polarimeter. The output from this analysis is fed into the least square analysis of the sample analysis. Advanced RCWA modeling has been used to calculate the Fresnel transmission and reflection coefficients from silicon line gratings and a double patterned transmission grating. It has been demonstrated that the presented method gives precise measurements with low uncertainties on the silicon line gratings and that the uncertainty of the heights are within the uncertainty of traceable reference AFM measurements. For the complex double patterned sample there is a good agreement between AFM and Mueller polarimeter measurements for the long pitch grating, whereas both techniques need improvements for the measurements of the short pitch grating. We will continue to improve the surface model description in order to develop scatterometry and Mueller polarimeter as versatile tools for characterization of complex structures.
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Appendix
The light intensity incident on the detector for a 2-modulated Mueller polarimeter may be written as [13] 
In this equation there are nine time independent coefficients (IDC0, IX0 ,…) and four time depended coefficients ( X0 , Y0 X1 Y1) that include the time dependent phase retardations  for the PEMs. The phase retardations are given in terms of Bessel amplitude A0, A1, phase 0, 1, static strain 0, 1 and modulation frequency The equations for ( X0 , Y0 X1 Y1) ,without the assumption of a small static strain used in [13] , may be written as: cos (2 ) sin (2 ) cos (2 ) sin (2 ) cos (2 ) sin (2 ) cos ( 
Equation (7) may be rewritten with the help of equations (5) and (6) into the following form 
The normalized intensities 
